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ABSTRACT: Effectiveness of conservation measures for diminished populations depends on the
mechanism producing low abundance. In queen conch, which is heavily exploited, reproductive
activity is depressed where conch density is low, which may be due to the Allee effect, poor habitat
quality, or delayed functional maturity. To determine the mechanism underlying impaired reproduction in shallow seagrass beds, mature conch were translocated from ‘source’ sites with high and low
ambient conch density (~1000 and ~20 conch ha–1, respectively), and kept at high density in enclosures within high- and low-density ‘host’ sites. We monitored reproductive activity, and modelled
conch population dynamics under exploitation, a reproductive Allee effect, and delayed functional
maturity. In the field, conch from high-density source sites had significantly higher reproductive
activity than those from low-density sites, although conch density was the same in all treatments.
Thus, reduced reproductive activity at low conch density in shallow seagrass habitats is not due
strictly to an Allee effect. Physiological condition of conch did not differ between treatments, regardless of habitat quality. Conch from high-density source sites had thicker shell lips, indicating that they
were older, and they displayed significantly higher reproductive activity than younger conch with
thinner lips. The field, morphological, and physiological evidence is therefore consistent only with a
mechanism of delayed functional maturity. In model simulations, either an Allee effect or delayed
functional maturity, combined with exploitation, produced non-linear population collapses. Young
adult queen conch that are not functionally mature occur at low density in shallow seagrass habitats,
and are heavily exploited before reproducing. Conservation efforts must be directed at these
habitats, and not only to habitats where older functionally mature adults are at high density and not
susceptible to Allee effects.
KEY WORDS: Allee effect · Positive density dependence · Inverse density dependence · Depensation ·
Functional maturity · Queen conch
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In most equilibrium population models, individual
fitness is inversely related to population density (Gotelli 1998). However, in some cases organisms benefit
from the presence of conspecifics at low density (see
review by Fowler & Baker 1991); e.g. encounters with
potential mates (Kuussaari et al. 1998), fertilisation
efficiency in broadcast spawners (Levitan et al. 1992,
Baker & Tyler 2001), plant pollination success (Widen
1993, Groom 1998, Hackney & McGraw 2001), vigilance against predators (Kenward 1978) and social

structure (Shepherd & Brown 1993, Courchamp et al.
2000). In these instances, fitness declines as population
density decreases such that per capita population
growth rate may become negative and local extinction
may result (Courchamp et al. 1999). Population dynamics of this kind are known as Allee effects (Allee
1931). Allee effects do not necessarily cause extinction since per capita population growth rate can be
depressed but still remain positive.
Stoner & Ray-Culp (2000) provide field evidence for
a reproductively driven Allee effect in the queen conch
Strombus gigas, a large, heavily exploited, tropical
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Fig. 1. Strombus gigas. Relationship between per capita
reproductive activity and adult queen conch density in the
Exuma Cays, Bahamas (adapted from Stoner & Ray-Culp 2000)

gastropod. In surveys of a conch population in Exuma
Sound, Bahamas, no reproductive activity was observed where adult conch density was less than 50 ha–1
(Fig. 1). The presumed mechanism was a reduced
encounter rate with suitable mates at low conch densities due to low mobility. Copulation in conch is also
more likely in spawning than non-spawning females,
providing another positive feedback mechanism that
would enhance this effect (Appeldoorn 1988a).
If the reduced reproductive activity were due to an
Allee effect, then conservation efforts might be
directed at either protecting conch where they are at
high density, or augmenting conch densities where
they are at low.
If however, decreased reproductive activity where
conch density is low were due to other mechanisms,
then conservation efforts might have to be quite different from those used where an Allee effect exists.
For example, conch in nearshore habitats of the Florida
Keys are not reproductively active, whereas those in
offshore habitats reproduce (McCarthy et al. 2002).
This is apparently due to the poor quality of nearshore
habitats (Glazer & Quintero 1998), as conch translocated from nearshore to offshore habitats initiated
reproduction (Delgado et al. 2004). In this case, an
appropriate conservation approach would be to protect conch in offshore habitats, and possibly augment
these with conch translocated from nearshore habitats
(Delgado et al. 2004). Moreover, there are alternative
mechanisms that might underlie diminished reproductive activity where conch density is low besides
the Allee effect and habitat quality, such as an environmental cue for reproduction, seasonal migrations,
or delayed functional maturity (see Table 1). Adult
conch migrate seasonally between feeding and reproductive sites, at least in deep water (Stoner & Sandt

1992, Stoner et al. 1992). Hence, conch might migrate
between high-density spawning grounds, where environmental cues for reproduction (e.g. for larval
transport) are present, and low-density feeding areas,
where reproductive activity is minimal. Another mechanism involves delayed functional maturity, which is
common in various phyla (e.g. crabs and lobsters; see
Lipcius 1985), and which might characterize molluscs
that exhibit secondary sexual characters, such as the
queen conch. Specifically, queen conch cease growth
in shell length upon attaining sexual maturity, and
instead divert their energy to thickening of the shell
lip, which dramatically reduces the likelihood of predation. It has been assumed that conch with shell lips
thicker than a few millimetres are mature; they and
their older conspecifics are heavily exploited and in
decline throughout most of the species range (Berg &
Olsen 1989, Anon 1999). During maturation, conch
progressively migrate from shallower nursery grounds
to deeper adult habitats (Randall 1964, J. Gascoigne
pers. obs.). Conch mature a few months after developing a flared lip on the shell (Appeldoorn 1988b), when
the shell is at least 5 mm thick (Egan 1985). However,
newly morphologically mature conch may become
functionally mature gradually, and these newly
mature conch might be at low population density
compared to their more reproductively active counterparts due to ontogenetic migration, low adult mortality and the associated accumulation of conch in adult
habitats. If delayed functional maturity characterizes
the queen conch, then exploitation of functionally
immature adults might have dire population consequences. Thus, in field experiments we assessed the
hypothesis that delayed functional maturity occurs in
queen conch, and with matrix projection models we
determined the potential population consequences of
exploitation upon functionally immature conch.
More generally, this is of interest because the other
mechanisms are not strictly Allee effects. Although
they predict a correlation between low density and
low per capita reproductive output, the decline in fitness is not caused by low density, but by other factors
(e.g. habitat quality, reproductive status) which are
correlated with both density and reproductive output.
This is important in trying to predict the population
consequences of the ongoing ‘experiment’ in fishing
conch to low density throughout much of their range
(Berg & Olsen 1989, Anonymous 1999). Conservation
strategies devised for Allee effects and disregarding
other explanations may be ineffective and lead to
population collapse.
We designed a manipulative field experiment to test
whether an Allee effect due to low encounter rate was
the sole mechanism for the lack of queen conch reproduction at low population density, and if not, to dis-
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Table 1. Strombus gigas. Expected level of reproductive activity from each translocation given alternative mechanisms associated
with low population density. All conch were at high density in enclosures. There were 4 treatments: (1) control: conch from highdensity source sites put back into enclosures at the same site (high-high), (2) conch from high-density source sites translocated
to enclosures in low-density host sites (high-low), (3) conch from low-density source sites translocated to high-density host sites
(low-high) and (4) control (low-low)
Allee
effect?
H0
HA1
HA2
HA3

Yes
No
No
No

HA4

No

Mechanism

Translocation
(Source site density – Host site density)
High-high
High-low
Low-high
Low-low

Encounter rate
Environmental trigger for reproduction
Seasonal reproductive migration into spawning sites
Functionally mature conch in high density areas;
immature in low density areas
Poor condition in low density areas

tinguish between competing mechanisms (Table 1).
First, we selected sites of high (>> 50 ind. ha–1) and
low (< 50 ind. ha–1) adult conch density to meet the
density criteria for an Allee effect (Stoner & Ray-Culp
2000). We then transplanted mature conch between
sites of high and low population density, with controls, placing the conch in enclosures at high density.
The conch were deemed to be mature when they had
a shell lip thicker than 5 mm (Egan 1985). The use
of high-density enclosures, along with other corroborating data (see below) permitted us to distinguish
between several alternative hypotheses (Table 1).
If an observed pattern of low reproductive activity in
conch were indeed due purely to an Allee effect mediated by reduced encounter rates with potential mates,
we would expect equally high reproductive activity in
all enclosures, regardless of treatment, since conch
inside all the enclosures would be at high density. This
was, therefore, our null hypothesis (Table 1: H0). An
effect of host-site density (high reproductive activity in
conch transplanted to high-density sites) would imply
that these sites have an environmental trigger for
reproduction that attracts reproductive conch, and
which the low-density sites lack (Table 1: HA1). An
effect of source-site density (high reproductive activity
in conch transplanted from high-density sites) would
be explained by a site-mediated factor that controls
both reproductive activity and density, such as sitespecific differences in conch age, growth, condition
(habitat quality), or reproductive status (e.g. if conch
migrate between reproductive [high-density] and
feeding [low-density] sites; Table 1: HA2–4).
To distinguish site-specific differences that might
control conch density and reproduction, as well as to
ensure that all conch used in the experiment were
reproductively competent, we assessed shell morphology, conch condition and reproductive status at each
site (Stoner & Sandt 1992, Stoner & Schwarte 1994). If
conch were migrating freely between sites (Table 1:

High
High
High
High

High
Low
High
High

High
High
Low
Low

High
Low
Low
Low

High

High

Low

Low

HA2), we expected no significant morphological differences between sites. If there were site-specific reproductive output controlled by differences in habitat
quality (Table 1: HA4), we would expect differences
in conch condition index, and in the allocation of
resources to reproductive and somatic tissue.
Finally, we developed a stage-based matrix population model (Caswell 2001) for queen conch to estimate the population-level consequences of Allee and
non-Allee mechanisms underlying the patterns in
reproductive activity.

MATERIALS AND METHODS
Site characteristics and surveys. We conducted the
experiments at 4 sites near Lee Stocking Island, Exuma
Cays, Bahamas (Fig. 2). Two sites had high densities of
mature conch (Rainbow Gardens: 1140 ind. ha–1, Bock
Cay: 963 ind. ha–1) and 2 sites had low densities
(Children’s Bay Cay (CBC): 19.1 ind. ha–1, Shark Rock:
21.2 ind. ha–1). Low density was defined as < 50 mature
ind. ha–1, the proposed lower limit for reproductive activity (Fig. 1; Stoner & Ray-Culp 2000). Shark Rock had a
total conch density of 127 ind. ha–1, but most were
immature; the other 3 sites only had mature conch. We
measured conch density in 25 m × 1 m transects
(Rainbow) or circles of radius 10 m, covering a total area
of not less than 1000 m2. The habitat at all 4 sites was
moderately dense seagrass with strong tidal currents.
Shark Rock and CBC ranged in depth from 2 to 4 m,
Rainbow 3.5 to 4 m and Bock 7 to 9 m. We surveyed the
low-density sites extensively while searching for mature
conch and observed no evidence of reproductive activity
(e.g. mating, egg masses). Mating was very commonly
observed at the high-density sites, but only quantified at
Bock Cay, where 11 out of 121 animals (9.1%) were
engaged in reproductive activity during the survey.
Levels of reproductive activity at Rainbow were similar.
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Fig. 2. Sites in the Exuma Cays, Bahamas

Experimental design. We collected 64 conch haphazardly from each site and randomly allocated them
to 1 of 4 groups: 2 control treatments and 2 translocation treatments. Conch were tagged and placed in
an enclosure either back at the same site (control) or
translocated to a paired site (Rainbow-CBC, BockShark). Each enclosure (6 m diameter, 28.3 m2 area)
contained 16 conch, yielding a foraging area of 1.8 m2
per conch and a high density that should trigger reproductive behaviour, but one that is well within the
upper range of densities observed in older juveniles
and young adults (Stoner et al. 1988, Stoner & Ray
1993). Enclosures were made of 20 to 25 cm Vexar
strips supported by PVC and retained most of the
conch while not visibly altering the habitat. We
conducted the experiment twice, once from 22 to
31 July 2001 (Expt 1) and again from 2 to 14 August
2001 (Expt 2). Procedures were similar in both
experiments.
While the experiment was running, we checked
enclosures daily or twice daily, using either snorkel or
SCUBA, and recorded the tag numbers of conch
involved in reproductive activity (Stoner & Ray-Culp
2000), which included (1) copulation (a pair of conch
lined up with the front of the male shell covering the
back of the female shell, male extending the penis into
the female mantle cavity) and (2) pairing (a pair of
conch lined up as for copulation but without the male
penis extended). We also recorded the number of
conch in each cage so that results would not be biased
by escape from the enclosures, although the escape
rate was low (an average of ~2 from each cage during
each experiment).
We checked enclosures at the Rainbow-CBC site
pair 14 times during Expt 1 and 17 times during Expt 2,
and at the Bock-Shark site pair 7 times during Expt 1
and 9 times during Expt 2. We calculated a reproductive index (number of matings [pairing or copulation]

per observation per conch) for each
enclosure so that results could be compared across all enclosures, sites and
experiments.
Morphological data. At the end of
Expt 2, we haphazardly collected 4
conch from each enclosure (i.e. n = 16 for
each site), determined their gender and
measured their shell features (length,
weight and lip thickness). We assessed
their condition using the ratios of flesh
wet weight : shell length (Stoner & Sandt
1991, Ray & Stoner 1995) and flesh
wet weight : shell weight. We froze and
subsequently dissected and weighed
gonad samples to estimate allocation of
resources to reproductive versus somatic
tissue (ratio of gonad wet weight to flesh wet weight).
We used gonad colour as an indicator of reproductive
status in males (orange = producing sperm; Reed
1995).
Data analysis. Reproductive activity: Reproductive
index (RI) was calculated as follows:
RI =
observed copulations and pairings
mean no. conch in enclosure × no. observations on enclosure

In an ANOVA model, RI was the dependent variable,
and source site and host site were fixed factors. To
account for the effect of location (= system) and experimental period, we included system and time as fixed
factors with 2 levels corresponding to the 2 pairs of
sites (system 1 = Rainbow / Children’s Bay Cay; system
2 = Bock Cay / Shark Rock) and the 2 experimental
periods.
Since mating activity was recorded by conch tag
number, we also had a record of individual matings.
We were, therefore, able to determine if the pattern of
matings was driven by a few active individuals and if
there was evidence for mate choice. For each of the
32 enclosures (4 replicates × 4 sites × 2 expts), we compared these to a Poisson distribution, using a χ2 test,
to assess whether the distribution of mating activity
among individuals was random, uniform or clumped. A
clumped distribution would mean that a few individuals were responsible for most of the reproductive activity. In 8 cases, χ2 could not be calculated because there
were too few matings in the enclosure.
To test whether there were significant changes in
reproductive activity over the course of the experiment, we divided each experiment into 2 periods of
1 wk each. We tested the distribution of mating against
a Poisson distribution to check if it was random and
then compared the mean rate of matings in the 2 time
periods using a χ2 test (Zar 1999). In this case, we had
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to combine replicate enclosures and experiments to
have an adequate sample size, and even then only 4 of
8 site pairs could be analysed.
FA1
FA2
FA3
Sex ratio: We compared the sex ratio of the subsample from each site using a binomial distribution with p =
0.5, which would be expected for a random sample of a
SA3
J1
A1
A2
A3
1:1 sex ratio. We also compared individual sites and
high versus low density sites using χ2 tests (α = 0.05).
SJ1–A1
SA1
SA2
Morphological data: We analysed morphological
SJ1–J1
measurements (shell length and weight, lip thickness,
flesh weight : shell weight ratio, and gonad weight :
Fig. 3. Strombus gigas. Life-cycle diagram for the queen
flesh weight ratio) using an analysis of variance model
conch population matrix projection model. The life cycle is
composed of a juvenile stage (J1) and 3 adult stages (A1 to
with source density, system and sex as fixed factors.
A3). The transition probabilities (S) reflect growth and surWe used Student-Newman-Keuls (SNK) pairwise comvival to the next stage (Table 3), including retention of some
parisons to compare levels of a factor within each level
fraction of juveniles in the juvenile stage (SJ1– J1) and adults in
of another factor when there were interaction effects
the last adult stage (A3). Reproductive contributions of each
(Underwood 1997).
adult stage are indicated as F1 to F3
Modelling. We used a population matrix projection
model (Caswell 2001) with density-dependent reproproduction equation collapses to α /1 + βNAt , where reduction to compare population trajectories with and
without Allee effects, and with delayed functional
productive output tends to a maximum of α as NA dematurity. The model has a juvenile stage and a series
clines to 0, and tends to 0 as NA increases. Parameter β
of adult stages (Fig. 3, Table 2). Individuals move
sets the slope of the curve, and in this heuristic model β
was set such that the slope was over appropriate values
through the stages at each time step (= 1 yr), spending a fixed number of years as a juvenile (J1: Fig. 3,
of NA, so that the model equilibrated at reasonable population values (α = 1000; β = 0.01). Increasing δ gives a
Ti: Table 2) and 1 yr each in adult stages 1 and 2.
Individuals accumulate in adult stage 3, dying at a
curve that looks similar at high values of NA but causes
rate determined by adult mortality and exploitation
it to drop back to 0 as NA tends to 0, as would an Allee
effect (Myers et al. 1995).
of adult stage 3 (Table 2). Hence, the model is approUnlike the other models, the Allee model took NA in
priate for long-lived iteroparous species. Reproduction is negatively density dependent across all densivalues of density rather than population size, necessities except in the Allee model, where it is positively
tating a change in parameterisation (β = 45). In the
density dependent at low density, with the strength
Allee model, all adult stages reproduce and F1 = F2, as
of positive density dependence being fixed by
the Allee factor δ (Myers et al. 1995, Stoner &
Table 2. Strombus gigas. Generalised transition matrix for population
Ray-Culp 2000).
model. Ti = time to physiological maturity (time spent as juvenile), M i =
We ran the model in 4 ways (Table 2):
juvenile mortality, M a = adult mortality, F 1 = mortality due to exploitation
(1) Model ‘Null1’: All adult stages reproduce
in adult stages 1 and 2, F 2 = mortality due to exploitation in adult stage 3,
(D = 1), all adult stages are fished (F1 = F2), and
NAt = total number of adults at time t and α, β and δ are parameters for
the density dependent equation. The parameter D fixes delayed reprothere are no Allee effects (δ = 1).
duction (D = 0, adult stages 1 and 2 do not reproduce) versus immediate
(2) Model ‘Null2’: Only adults in stage 3
reproduction (D = 1, all adult stages reproduce). Values of Ti, M i and M a
reproduce (D = 0), only adults in stage 3 are
were fixed to be approximately appropriate for queen conch, although
fished (F1 = 0), no Allee effects (δ = 1).
since the model is heuristic and comparative, and values were equal
across all models, they do not affect the results. In the case presented
(3) Model ‘Rep’: Only adults in stage 3 reprohere, Ti = 3, M i = 2 and M a = 0.5
duce, but all adults are fished, no Allee effects
(δ = 1).
Juvenile
Adult 1
Adult 2
Adult 3
(4) Model ‘Allee’: All adults reproduce and
(
)
are fished (as in Null1), but reproduction is
α N A(δt–1)
D ⋅ α N Aδt–1
D ⋅ α N A(δt–1)
1 − 1 ⋅ e–M i
Juvenile
δ
subject to different strengths of Allee effect
Ti
1 + β N Aδ t
1 + β N At
1 + β N Aδ t
(δ = 1, no Allee effect; δ = 3, intermediate Allee
1 ⋅ e −1/2(M i +M a+F 1)
Adult 1
0
0
0
effect; δ = 5, strong Allee effect).
Ti
The parameter δ is an index of the Allee
0
0
Adult 2
0
e– (M a + F 1)
effect (Myers et al. 1995). For the 3 models with
simple negative density-dependent reproduc– 1/2 (2M a + F 1+ F 2)
– (M a + F 2)
Adult 3
0
0
e
e
tion (Null1, Null2 and Rep), δ = 1, hence the re-

(

)
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in Model Null1. Because of the differences in model
structure and parameters, it is not directly comparable
to the straightforward negative density-dependent
models. We, therefore, examined the influence of Allee
effects by comparing δ = 3 (intermediate Allee effect)
and δ = 5 (strong Allee effect) (Stoner & Ray-Culp
2000) with δ = 1 (null model of no Allee effect).
The models were run for 200 time steps, by which
time they had all reached an equilibrium population
size for each stage. They were run over a range of F
values and the equilibrium adult population size
plotted against F. The initial population size did not
affect the equilibrium population size for Models
Null1, Null2 and Rep. All runs were started with 1000
individuals in each stage (NA = 3000). In the case of the
Allee model, the area of each stage was set at 1000
units and the density of each stage at 1 (giving the
same initial population size). The initial density
affected the equilibrium population size, but did not
alter the dynamics significantly (i.e. the value of F at
which the models reached extinction).

RESULTS
In all analyses of variance, variances were either not
significantly heterogeneous (Levene’s test), or the null
hypothesis for the F-test was rejected at an α value
lower than that used to test for homogeneity of variance (Underwood 1997). Hence, transformations were
not required.

Mating behaviour and reproductive index

host site density was significant (ANOVA, p = 0.017),
precluding singular conclusions about the main effects.
When analysed within treatment combinations (SNK
tests, α = 0.05), the reproductive index (RI) was higher
for conch from high-density source sites than for conch
from low-density source sites, irrespective of host site
(Fig. 4). In addition, the RI for conch from high-density
source sites returned to high-density host sites was
higher than the RI for conch translocated to lowdensity host sites. The RI values of conch translocated
from low-density source sites did not differ, irrespective of host-site density.
There was also a significant system × host site density interaction effect (ANOVA, p = 0.042), because the
effect of host site density was only significant (SNK
tests, α = 0.05) in 1 of the systems (Rainbow/Children’s
Bay Cay). Hence, the strongest effect upon the RI was
that of source site density, such that all enclosures with
conch from source sites with high conch densities had
high values of the RI, and all those with conch from
source sites with low conch densities had lower values
of the RI (Fig. 4).
Out of the 24 enclosures for which χ2 could be calculated, only 3 had a distribution of mating activity
between individuals that differed significantly from
random and these 3 were more uniform than random
(i.e. more individuals participating in fewer matings).
The results were, therefore, not due to a few active
individuals and there was little evidence for mate
choice or any other mechanism that would create a
non-random distribution of matings.
When replicates and experiments were combined,
none of the source site × host site combinations had a
distribution of individual matings different from ran-

In the analysis of mating behaviour (Table 3) the
interaction effect between source site density and

6
Host density

Source site
CBC
CBC
Rainbow
Rainbow
Shark Rock
Shark Rock
Bock Cay
Bock Cay

Host site
CBC
Rainbow
Rainbow
CBC
Shark Rock
Bock Cay
Bock Cay
Shark Rock

Matings
Expt 1
3
2
16
4
3
2
7
3

Matings
Expt 2
0
6
25
2
2
0
8
11

Reproductive index

Table 3. Strombus gigas. Incidents of mating (copulation and
pairing) in each treatment for the 2 experiments. Note that for
logistical reasons the CBC-Rainbow system was checked more
frequently during each experiment so that higher numbers of
observed matings in that system reflect this. We calculated the
reproductive index as an estimate of reproductive activity which
is unbiased by numbers of checks as well as by the few escapes

5

High
Low

4
3
2
1
0

a

b

c

c

High
Low
Source density
Fig. 4. Strombus gigas. Mean reproductive indices (+ SD)
for each combination of source site density and host site density. Treatment combinations that did not differ significantly
(Student-Newman-Keuls pairwise comparisons) share the
same letter
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dom (χ2 test, α = 0.05). When the data were divided
into 2 wk periods, there were no significant differences
in the rate of mating activity between the first and
second halves of the experiments for the 4 site pairs
that could be tested (χ2 test, α = 0.05).

Sex ratio
Conch from one high-density source site (Bock Cay)
had a significantly male-biased sex ratio (χ2 test, p =
0.038). The other high-density site (Rainbow) had a
slight but non-significant male bias. Overall, the conch
from high-density source sites had a male-biased sex
ratio (χ2 test, p = 0.021), whereas conch from lowdensity sites did not (χ2 test, p = 0.298). Sex ratios
of conch from high- and low-density sites differed
significantly (χ2 test, p = 0.037).

Condition and resource allocation to reproduction
The 2 variants of condition index (flesh weight:shell
weight ratio, flesh weight:shell length ratio) gave similar results. There was a significant interaction effect
between source site density and system (ANOVA,
p = 0.004, p = 0.01) and source site density and sex
(ANOVA, p = 0.018, p = 0.007). Flesh weight:shell
length ratio also had a significant system × sex
interaction (ANOVA, p = 0.047). When analysed within
treatment combinations (SNK tests, α = 0.05), conch
from 1 low-density site (Shark Rock) were in significantly better condition than conch from the other 3
sites according to both indices (Fig. 6). There were no
significant differences in the ratio of gonad to somatic
tissue by source density, site or sex, and no interaction
effects (ANOVA, p >> 0.05 for all effects).

Modelling
Shell morphology and reproductive anatomy
Conch from high-density source sites had significantly thicker lips (ANOVA, p < 0.0005) and shorter
shells (ANOVA, p = 0.003) than conch from lowdensity source sites (Fig. 5); there were no significant
differences in shell weight (ANOVA, p = 0.452). The
sexes did not differ significantly in shell characteristics (ANOVA, p = 0.260 [lip], 0.051 [length], 0.536
[weight]). The main reproductive structures were fully
developed in all conch (males: verge, prostate gland,
testes; females: ovary, uterus). The gonads of all males
were orange, indicating that they were producing
sperm (Reed 1995).

In negative density-dependent models (Fig. 7: Null1
and Null2, Fig. 8: δ = 1) equilibrium population size declined in a log-linear fashion with increasing mortality
from exploitation (F ). In contrast, equilibrium population
size under either delayed reproduction (Fig. 7: Rep) or
Allee effects (Fig. 8: δ = 3 and δ = 5) declined in a loglinear manner with increasing F at low values of F, but
then rapidly collapsed to extinction at moderate values of
F. In the case of the Allee models (Fig. 8), increasing the
value of δ did not affect the dynamics at low values of
F, but it reduced the critical value at which the population collapsed to extinction. A strong Allee effect
(Fig. 8: δ = 5) and heavy exploitation prior to the age of
maturity (Fig. 7: Rep) had comparable, drastic effects on
extinction probability under exploitation (Fig. 7: Rep).

28
High
Low

0.24
0.22
Meat:shell weight ratio

Lip thickness (mm)

24
20
16
12
8

female
male

0.20
0.18
0.16
0.14
0.12

4

0.10
14

16

18
20
22
Shell length (cm)

24

26

Fig. 5. Strombus gigas. Lip thickness (mm) and shell length
(cm) for subsampled conch from high- and low-density sites.
N = 16 for all sites except Rainbow, where N = 14

B

R

C

S

Site
Fig. 6. Strombus gigas. Ratio of flesh wet weight (g) to shell
weight (g) (condition index), by site and sex. Sites B and R are
high-density sites; sites C and S are low-density sites
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Adult equilibrium population
size (log scale)

e 10
e9
e8
e7
e6
e5
e4

Null1
Null2
Rep

e3
e

2

e1
e0
0

1

2

3

4

5

Mortality from exploitation (F)

Fig. 7. Strombus gigas. Equilibrium adult population size
versus exploitation mortality (F ) in model runs. Model Null1:
all adults reproduce, all adults exploited; Null2: adult stages 1
and 2 do not reproduce and are not exploited; Rep: adult
stages 1 and 2 do not reproduce but are exploited (delayed
functional maturity model). The model is heuristic and only
comparative values of population size and F are meaningful

DISCUSSION
The major finding of this investigation is that the lack
of reproductive activity in queen conch at low population density in seagrass beds could be due not just to
an attenuation in encounter rate with potential mates
(i.e. a classic Allee effect; Stoner & Ray-Culp 2000), but
also to other processes associated with low population
density. A diminished encounter rate at low density
may have a significant effect on reproduction in conch.
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Fig. 8. Strombus gigas. Equilibrium adult population size
versus exploitation mortality (F ) in Allee model runs. Allee
models are similar to Model Null1 (see Fig. 7) but with an
Allee effect in reproduction at low density. The value of δ
indicates the strength of the Allee effect; δ = 1, no Allee effect;
δ = 3, intermediate effect; δ = 5, strong effect (Stoner &
Ray-Culp 2000). The model is heuristic and only comparative
values of population size and F are meaningful

Although reproductive activity was never observed in
the low-density sites in the field (Stoner & Ray-Culp
2000, this study), there was some reproductive activity
in conch from the low-density sites when translocated
into the high density enclosures (Fig. 4). However, the
significant differences in reproductive activity of conch
held in various experimental treatments at high density indicate that there are additional significant processes acting on reproductive activity that can compound the Allee effect in encounter rates (Table 1).
The decline in reproductive activity associated with
low adult conch density apparently involves mechanisms related to age and reproductive behaviour,
specifically delayed functional maturity in young adult
queen conch. This finding regarding reproductive
behaviour is consistent with independent analyses of
histological condition of the gonads of queen conch at
the same sites, whereby adult conch from the inshore,
low-density site had undeveloped gonads and adult
conch from offshore spawning areas at high density
had fully developed gonads (R. Glazer pers. comm.).
It is critical to note that this study was carried out in
different habitats than that of Stoner and Ray-Culp
(2000), although in the same geographical location.
They reported very little reproductive activity in conch
populations in shallow seagrass beds, and concentrated on conch in deeper (>10 m) sand habitats. In surveys of sites appropriate for this experiment, highest
densities of conch and rates of reproductive activity
were in the high-density seagrass sites (Rainbow and
Bock Cay) that we used in our investigation. It is therefore likely that the lowered reproductive activity at
low-density offshore sites examined by Stoner and
Ray-Culp (2000) was due not to delayed functional
maturity, because the conch in those sites are substantially older than those in our inshore sites, but to an
Allee effect in encounter rates of older, functionally
mature conch.
The findings also indicate that an observed correlation between density or population size and some measure of fitness cannot be used exclusively as evidence
for an Allee effect, which implies a causal relationship
between population density and fitness (Courchamp et
al. 1999, Stephens et al. 1999). Density and fitness may
be related to a third causal factor, so that although
mean fitness may decline in areas of low population
density, it may nonetheless not be an Allee effect. A
correlation between density and some measure of fitness has been used in many empirical studies of Allee
effects to infer a causal relationship (e.g. Lamont et
al. 1993, Shepherd & Brown 1993, Clutton-Brock et
al. 1999). In many cases, experimental tests of Allee
effects are impractical (e.g. for protected species), but
this study shows that the results of observational
studies need to be interpreted with care.

Gascoigne & Lipcius: Conservation of conch at low density

Our findings did not support the hypothesis that the
reduction in queen conch reproductive activity in the
shallow seagrass beds of our investigation was due
exclusively to an Allee effect mediated by a reduced
encounter rate at low population density. Various alternative hypotheses exist (Table 1). Two factors argue
against the hypothesis that habitat quality in the
low-density sites was poor (Table 1: HA4): (1) condition
indices at low-density sites were comparable to highdensity sites or higher, and (2) high densities of juveniles periodically occurred at both of the low-density
sites (Marshall 1992, Ray & Stoner 1995, J. Gascoigne
& R. N. Lipcius pers. obs.).
Morphological differences between conch at the different sites allowed us to reject the hypothesis of
free migration between high- and low-density sites
(Table 1: HA2). The most likely explanation for the morphological differences between high- and low-density
sites is that the adult conch at the low-density sites
were younger (Stoner & Schwarte 1994) and not functionally mature (Egan 1985). A difference in the ages
of morphological and functional maturity has been
observed in the queen conch (Egan 1985) and other
gastropods (e.g. abalone; Shepherd & Brown 1993),
which tend to allocate an increasing proportion of
resources to reproduction as they age (Yonge &
Thompson 1976), and in other invertebrates such as
lobsters and crabs (Lipcius 1985). In general, late
maturity will evolve in species with deterministic
growth if reproduction is costly for future reproductive
output or survival and if mortality is low (Roff 1992,
Bulmer 1994). Conch reproduction may be costly, since
sperm and eggs are energy rich (Reed 1995), and there
is a cost to aggregation, at least in juveniles (Stoner
& Ray 1993).
Delayed functional maturity is an integral, evolved
life-history component. Allee effects, in contrast, are
either selectively neutral if conditions of low density
rarely or never occur, or function as the cost component of a cost-benefit trade-off if they are a corollary of
some trait that improves fitness at intermediate or high
density. We therefore presumed that delayed functional maturity and Allee effects might have different
effects on the population dynamics (McCarthy 1997).
Simulated populations in the delayed maturity model
and the Allee model fared worse than those in the null
models — both the delayed functional maturity model
(Model Rep in Fig. 7) and the Allee effect model (Models δ = 3 and δ = 5 in Fig. 8) affected population dynamics in a strikingly similar way, increasing vulnerability
to exploitation and causing extinction at significantly
lower values of mortality than the null models. Both
exhibited threshold effects, with a rapid decline in the
equilibrium population size to extinction above a critical value or small critical range of additional mortality.
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From the perspective of queen conch conservation,
our results are potentially disturbing since the basis of
management in many areas, including the Bahamas, is
a ban on the exploitation of conch until they have
reached morphological maturity, as indicated by the
presence of a ‘well-formed’ flaring lip. Our experimental findings indicate that young adult queen conch,
which are legally exploited, may not be functionally
mature even at lip thickness values up to 11 mm
(Fig. 5). Hence, a large fraction of the population of
queen conch may be subject to exploitation before
reproducing, particularly young adult queen conch
that are not functionally mature and that occur at low
density in shallow seagrass habitats. This situation was
modelled as the ‘Rep’ treatment in our simulations,
with delayed reproduction and immediate exploitation
of adults that do not reproduce. In this case, moderate
levels of fishing mortality led to non-linear collapses in
equilibrium population size, indicating that this species may be much more vulnerable to exploitation and
population collapse than previously thought. In fact,
population collapses have been common in heavily
exploited queen conch populations (Berg & Olsen
1989). Moreover, the likelihood of restoration success
may be diminished substantially by a combination of
Allee effects and delayed functional maturity. Thus,
conservation efforts must be directed at those habitats
that support young adults at low density, and not only
to habitats where older functionally mature adults are
at high density and not susceptible to Allee effects.
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